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Heptamethine cyanine dyes (HMCDs) have attracted considerable attention in biological and energy
(NIR) photophysical properties. the
development of molecules that change both visible and fluorescent colours in a stimulus-responsive
manner by exploiting the NIR optical properties of HMCDs has been a subject of increasing interest. Most
research results are based on a highly nucleophilic anion addition or reversible intramolecular addition
reaction of a weakly nucleophilic neutral nucleophile with the C—=N bond of the terminal indol-1-ium

applications owing to their unique near-infrared Therefore,

moiety. Examples of intermolecular addition of weakly neutral nucleophiles and the use of solid or
polymer materials are not available. Here, we report the synthesis of a NIR-absorbing ring-perfluorinated
HMCD. The HMCD's unique properties in various solvents and rapid and reversible vapochromic response
to various amines, including NHs, based on the noteworthy structural modification induced by fluorine
atoms on the aromatic ring are also presented. The ring-fluorinated HMCD adsorbed on neutral filter
paper responds quickly to even low-nucleophilicity NHz vapour. Repeatability tests on filter paper
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adsorbed with the ring-fluorinated HMCD and NHz and HCl vapours show excellent reproducibility in 13
blue-green and yellow colour transitions. These results are the first examples of intermolecular addition of
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Introduction

Polymethine cyanine dyes having azaheterocycles at both ends of
the polymethine backbone offer advantages such as narrow absorp-
tion bands, high absorption coefficients, and readily tunable
maximum absorption wavelengths (/.,s) and maximum fluores-
cence wavelengths (em,) within the visible and near-infrared (NIR)
regions. In particular, heptamethine cyanine dyes (HMCDs), which
exhibit absorption and fluorescence emissions in the NIR region,
are attracting considerable attention as one of the most promising
molecules for photo-science and -technology using NIR light, such
as imaging,” therapy,® and organic solar cells.**

The development of molecules that change both the colours
of the solutions or films and fluorescent colours in a stimulus-
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weakly neutral nucleophiles into HMCDs and stimulus responsiveness not in solutions.

responsive manner by exploiting the NIR optical properties of
HMCDs has been a subject of increasing interest. Changing
both the colours of the solutions and fluorescent colours of the
HMCD reported thus far is mostly based on (1) highly nucleo-
philic anion addition, such as cyanide anion (CN™), to the C=N
bond of the terminal indol-1-ium moiety (Fig. 1(a))® or (2) a
reversible intramolecular addition reaction of weakly nucleophilic
neutral nucleophiles, such as nitrogen, sulfur, and oxygen atoms,
with the C=N bond of the indol-1-ium moiety or the C—=C
double bond at the meso position, depending on the pH of the
solution (Fig. 1(b)).” However, intermolecular addition of weakly
neutral nucleophiles is not reported. In addition, all HMCDs
were in solution, and no examples of the use of solid or polymer
materials are available.

Ammonia (NHj3) is currently attracting attention as a fuel
that can replace oil, coal, and natural gas for power generation
because it does not emit carbon dioxide when burned. Ammonia
is expected to be an energy carrier for the transport and storage
of hydrogen.® Although many studies on the vapochromism of
organic dyes or metal complexes towards NH; have been
reported,’ to the best of our knowledge, only one study has been
conducted on the reversible vapochromic responsiveness of
HMCDs adsorbed on silica gels to various amines, as shown in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Addition of a highly nucleophilic cyanide anion (CN’) to the C=N bond of the indolenium moiety
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Fig. 1 Previous methods for changing the colour or fluorescence of HMCDs in solutions by intermolecular addition of cyanide anion (a) or
intramolecular addition of neutral nucleophiles (b).

Fig. 2.'° The results revealed that the vapochromism due to the
intermolecular addition of weakly nucleophilic neutral amines

partially ring-fluorinated aromatics or heteroaromatics have
garnered attention as fluorescent dyes,'* organic field-effect

to the HMCD can be attributed to the adsorption of the dye on
weakly acidic silica gel. However, the NH; vapour of the HMCD
adsorbed on the weakly acidic silica gel was insufficient because
NH; is not sufficiently nucleophilic.

The unique functions of organic dyes can be incorporated by
introducing heteroatoms such as sulfur,'* phosphorous,'* and
silicon™® into the electron-conjugated system or on the aro-
matic rings of the functional dyes. The functional dyes carrying

transistors,'® organic photovoltaic cells,'® and amine-response
dyes'” owing to their excellent properties, including their
atomic size that is almost as small as that of a hydrogen atom,
their highest electronegativity, their strong carbon-fluorine
bond energy, and some interactions with other elements.'®
However, only limited examples of stimulus-responsive NIR-
absorbing molecules or materials carrying ring-fluorinated
aromatics or heteroaromatics are available."® Although only a

Intermolecular addition of the amines to the C=N bond of the indolenium moiety of HMCD adsorbed on silica gel

vapor of
R'RZR®N

E,N O
Et,NH O
EtNH, O
NH; A

Fig. 2 Previous method for changing the colour of HMCD towards vapour of amines.
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few patents on the preparation of ring-fluorinated HMCDs
exist, the structure and optical and other properties of such
HMCDs have not yet been reported.”® Here, we report (1) the
synthesis of a NIR-absorbing ring-perfluorinated HMCD and its
(2) crystal structure, (3) unique properties in various solvents,
and (4) rapid and reversible vapochromic response to various
amines including NH;, based on the noteworthy structural
modification induced by fluorine atoms on the aromatic ring.
The results reveal the first examples of intermolecular addition
of weakly neutral nucleophiles to HMCD and stimulus respon-
siveness not in solutions.

Results and discussion
Synthesis

As shown in Scheme 1 (eqn (1), successive treatment of a commer-
cially available 2,3,4,5-tetrafluoroaniline with sodium nitrite in
water at —10 °C and tin chloride(II) hydrate at room temperature
in the presence of concentrated hydrochloric acid yields 2,3,4,5-
tetrafluorophenyl hydrazine hydrochloride. The obtained crude
hydrazine hydrochloride reacts with 3-methyl-2-butanone in acetic
acid at 120 °C in the presence of sodium acetate and results in the
formation of 4,5,6,7-tetrafluoro-2,3,3-trimethyl-3H-indole (1) in
22% yield from 2,3,4,5-tetrafluoroaniline.

The reaction between 1 and an excess amount of the most
reactive haloalkane, iodomethane, does not proceed because

F F
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the nucleophilicity of 1 is significantly reduced owing to
the strong electron-withdrawing property of the fluorine
atom. Treatment of 1 with 2 equiv. of the Meerwein reagent
(trimethyloxonium tetrafluoroborate) in chloroform for 24 h
under reflux results in the formation of 4,5,6,7-tetrafluoro-
1,2,3,3-tetramethyl-3H-indol-1-ium tetrafluoroborate (2a) in
84% yield. The tetrafluoroindolium salt (2a) smoothly reacts
with dialdehyde (3) in dimethylformamide (DMF) even at 23 °C,
which is a very low temperature compared with a typical
reaction temperature (120 °C), for 18 h and results in the
formation of 2-((E)-2-((E)-2-chloro-3-(2-((E)-4,5,6,7-tetrafluoro-
1,3,3-trimethylindolin-2-ylidene)ethylidene)cyclohex-1-en-
1-yl)vinyl)-4,5,6,7-tetrafluoro-1,3,3-trimethyl-3H-indol-1-ium
tetrafluoroborate (4a) in 84% yield (Scheme 1, eqn (2)).*' The
reaction of a fluorine-free indolium salt (2b) with 3 in
DMF under the same reaction conditions (at 23 °C for 18 h)
results in the formation of 2-((E)-2-((E)-2-chloro-3-(2-((E)-1,3,3-
trimethylindolin-2-ylidene)ethylidene)cyclohex-1-en-1-yl)vinyl)-
1,3,3-trimethyl-3H-indol-1-ium tetrafluoroborate (4b) with only
9% yield, together with a 20% yield of (E)-2-chloro-3-2-(E)-1,3,3-
trimethylindolin-2-ylidene)ethylidene)cyclohex-1-ene-1-carbaldehyde
(5b) (Scheme 1, eqn (3)). The high-temperature (120 °C) condi-
tions allow the reaction of 2b with 3 in DMF to proceed
smoothly for 3 h, giving a satisfactory yield (76%) of nonfluori-
nated HMCD (4b). These results may be attributed to
an increase in the acidity of the hydrogen atom on the
methyl group at the 2-position of 2a owing to the strong

Me;O-BF 4 F
+/) (eq. 1)
CHClIj, reflux F N
N
BF,
2a (84%)

(eq.2)

(eq.3)

Conditions:
23 °C, 18 h; 4b (9%), 5b (20%)
120 °C, 3 h; 4b (76%)

Scheme 1 Preparation of the ring-fluorinated and non-fluorinated HMCDs (4a and 4b, respectively).
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electron-withdrawing property of the four fluorine atoms on the
aromatic ring. Consequently, the formation of the enamine
from 2a and successive condensation with 3 occur smoothly,
even at room temperature to result in the formation of the
corresponding ring-fluorinated HMCD (4a) in good yield.

Single-crystal structural analysis

Single crystals of 4a and 4b were prepared using the vapour diffusion
method with dichloromethane (DCM) and hexane. Single-crystal X-
ray analysis results of the obtained HMCDs (4a: CCDC No. 1987380,
monoclinic, P2,/c space group; 4b: CCDC No. 1987381, orthorhom-
bic, Pca2, space group) are shown in Fig. 3 and 4.

The twist and fold angles of the two indolium planes of
HMCD 4b*' or the two ring-fluorinated indolium planes of
HMCD 4a were measured by using the Olex2 software®* and are
shown in Fig. 3(a) and 4(a). The twist angle between the two
ring-fluorinated indolium planes of HMCD 4a is 45.25°, which
is considerably larger than that (17.99°) between the two non-
fluorinated indolium planes of HMCD 4b. These results are
consistent with those of the ring-fluorinated trimethine cyanine
dye.”® The fold angle between the two ring-fluorinated indo-
lium planes of HCMD 4a is 0.38°, which is smaller than that
(4.82°) between the non-fluorinated indolium planes of HMCD
4b. These results are not consistent with those of the ring-
fluorinated trimethine cyanine dye.>* As shown in Fig. 4(b)
and (c), compared with the ring-fluorinated HMCD 4a, in the
structure of HMCD 4b, less intramolecular and intermolecular
interactions occur between the fluorine atom and other atoms.
By contrast, ring-fluorinated HMCD 4a exhibits six types of

Twist angle : 45.25°
Fold angle : 0.38°

(b) 2493 ?.101
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intramolecular interactions between fluorine atoms and
other atoms, such as hydrogen, chlorine, and carbon atoms
(Fig. 3(b)), and four types of intermolecular interactions
between fluorine atoms and hydrogen, carbon, and nitrogen
atoms (Fig. 3(c)). The packing of the molecules observed in the
single-crystal X-ray analysis of HMCDs 4a and 4b is shown in
Fig. S1 and S2 (ESIt). Molecular orientations are indicated with
four colors: red, blue, magenta, and green, in both HMCDs. As
shown in Fig. S1(a) (ESIT), in the case of ring-perfluorinated
HMCD 4a, both the blue and magenta molecules and the red
and green molecules are arranged in the same direction. In
addition, the blue and magenta molecular arrangements and
the red and green molecular arrangements are opposite. As
shown in Fig. S1(g), (h), (i), and (j) (ESIt), the distances between
the indolium ring and the methine double bond are 4.988,
5.091, and 6.439 A, and the distance between the two indolium
rings is ~5.5 A. No n-n stacking is observed. As shown in
Fig. S2 (ESIY), in the case of fluorine-free HMCD 4b, the blue
and magenta molecules and the red and green molecules are
arranged in a herringbone shape. The distances between the
indolium ring and the methine double bond are 4.274 and
5.918 A, as depicted in Fig. S2(b) and (f) (ESIf). No - stacking
is observed.

Ultraviolet-visible (UV-vis)-NIR absorption and fluorescence
spectra and behaviour in various solvents

The UV-vis-NIR absorption (solid line) and fluorescence (dotted
line) spectra of HMCDs 4a and 4b in DCM (1 x 10~° M) are
shown in Fig. 5.

2608 Arr-F - - H-CH interaction: 2.565 A x 2
312 | Arr-F - - Clinteraction: 3.093 Ax 2
2892 .- 2679 ; Are-C- - F-BF;interaction: 3.107 Ax 2
2414 - N—2879 2008 2718, - 228 C=C-H- - F-BF;interaction: 2.503 Ax 2, 2.614 Ax2
s 2668 2688 H,C-H- - F-BF, interaction: 2.312 Ax 2, 2.414 Ax 2,
g ¢ 3 2493 Ax2,2571 Ax2
m H,C- - F-BF;interaction: 3.142 Ax2
3.142 /2,608 H,C-H- - BF interaction: 2.986 A
'2.3‘35 H,C-H- - H-CH interaction: 2.226 Ax 2
H,C-H- - C=Cinteraction: 2.712 Ax 2, 2.888 Ax 2
H,C-H- - H-CH,interaction: 2.775 A
2888 ¢ <2712
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H,C-H- - F-BF,interaction: 2.275 A, 2.278 A
H,C- - F-BF;interaction: 3.009 A

N- - F-BF;interaction: 3.009 A

Are-C- - BFjinteraction: 3.607 A

Fig. 3 X-ray diffraction structures of HMCD 4a: twist and fold angles (a), intermolecular short contacts (b), and intramolecular short contacts (c).
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H,C-H- - F-BF;interaction: 2.566 A x2,2.587 A X2
ArH- - F-BF;interaction: 2.618 A x2
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H,C-H- - H-CH interaction: 2.328 A X2
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ArC--H-CH,interaction: 2.749 A x2,2.893 A X2,2.895 A x2
H;C- - C=Ciinteraction: 3.309 A X2

ArH- - Clinteraction: 3.362 A X2

’ H,C-H- - F-BF;interaction: 2.383 A,2.621 A

H,C-H- - BF,interaction: 3.043 A

Fig. 4 X-ray diffraction structures of the ring-fluorinated HMCD (4b): twist and fold angles (a), intermolecular short contacts (b), and intramolecular

short contacts (c).
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Fig. 5 Normalised UV-vis-NIR absorption (solid line) and fluorescence
(dotted line) spectra of HMCDs 4a and 4b in DCM (1 x 107° M)

The /45 values of 4a and 4b in DCM are within the NIR
region (778 and 785 nm, respectively). The 1,55 value of ring-
fluorinated HMCD 4a is 7 nm blue-shifted compared with that
of non-fluorinated HMCD 4b. The molar absorption coeffi-
cients (¢) of 4a and 4b are 318000 and 331000, respectively.
Similar to Aapg, Aem Of ring-fluorinated HMCD 4a is 5 nm blue-

shifted compared with that of non-fluorinated HMCD 4b.
The Stokes shifts (SS) of HMCDs 4a and 4b are small (322 and
301 cm ', respectively). The fluorescence quantum yields (&) of
both HMCDs are low, and the ¢ of ring-fluorinated HMCD 4a is
slightly smaller than that of non-fluorinated HMCD 4b. The
fluorescence lifetime (z;) of ring-fluorinated HMCD 4a is slightly
shorter than that of non-fluorinated HMCD 4b. These results
may be attributed to ring-fluorinated HMCD 4a having a higher
non-radiative rate constant than non-fluorinated HMCD 4b
(Table 1).

The UV-vis-NIR absorption and fluorescence spectra of non-
fluorinated HMCD 4b in various solvents, such as methanol
(MeOH), ethanol (EtOH), 2-propanol (i-PrOH), acetonitrile
(MeCN), and acetone, were recorded after preparing the
solution and leaving it at room temperature for 3 h. The spectra
and images are shown in Fig. 6 and summarised in Table 2.
Similar to previous results with other anions,”® Aus (774-
785 nm) and ey, (795-804 nm) are in the NIR region, and
negative solvatochromism is observed in the UV-vis-NIR and
fluorescence spectra.

By contrast, ring-fluorinated HMCD 4a exhibits unique
properties in various solvents. The spectra and photographs
in various solvents are shown in Fig. 7 and summarised in

Table 1 Absorption maximum (4,s), molar absorption coefficient (¢), and fluorescence properties of HMCDs 4a and 4b in DCM

Dye Jabs” (nm) £ M em ™) Jem” (Nm) SS (em™ ) o 7 (ns) ke (10° s ko (10° 571
4a 778 318000 798 322 0.11 0.9 0.13 1.01
4ab 785 331000 804 301 0.14 1.3 0.13 0.77

@ Measured in DCM (1 x 10~® M). ” Measured using an integrating sphere method. © Measured using a single-photon-counting method.
“ Radiative rate constant (k = ®/z,). © Non-radiative rate constant (kq, = (1 — ®g)ty).
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Fig. 6 UV-vis-NIR absorption spectra (a) and fluorescence spectra (b) of
non-fluorinated HMCD 4b in various solvents (1 x 107° M).

Table 2 Absorption maximum and molar absorption coefficients of
HMCDs 4a and 4b in various solvents (1 x 1076 M)

Dye Solvent Jabs” (NM) £ M tem )
4a MeOH 400 49000
EtOH 402 46 000
i-PrOH 399 39000
MeCN 404, 770 32000, 103 000
Acetone 406, 773 46 000, 15000
DCM 778 318000
1b MeOH 774 235000
EtOH 778 239000
i-PrOH 779 216 000
MeCN 774 222000
Acetone 774 218000
DCM 785 331000

? Measured in solvents (1 x 10~° M).

Table 2. The peaks at approximately 774-779 nm disappear in
the case of MeOH and EtOH, and a new peak appears at
approximately 400 nm (Fig. 7(a)). As displayed in Fig. 7(b),
the peaks around 774-779 nm are small in the case of i-PrOH,
MeCN, and acetone. Furthermore, as shown in Fig. 7(d),
fluorescence spectra of ring-fluorinated HMCD 4a excited at
Zabs (770-778 nm) in DCM, MeCN, and acetone are observed at
790-798 nm. However, note that no fluorescence spectrum

© 2024 The Author(s). Published by the Royal Society of Chemistry
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exists at Aaps (399-406 nm) in the case of MeOH, EtOH,
i-PrOH, MeCN, and acetone.

Electrochemical and thermal properties

Thermogravimetry-differential thermal analysis (TG-DTA) was
performed to determine the decomposition temperatures (Tq,)
of HMCDs 4a and 4b. The results of Ty are shown in Fig. S3
(ESIt) and listed in Table 3. Ring-perfluorinated HMCD 4a
shows a lower Ty (238.0 °C) than non-fluorinated HMCD 4b
(244.9 °C).

HMCDs 4a and 4b undergo oxidation at 0.693 and 0.478 V
(versus the saturated calomel electrode (SCE)) in the cyclic
voltammograms, respectively, as shown in Fig. S6 (ESI{). The
Enomo values for HMCDs 4a and 4b were calculated using the
values of E,x in the cyclic voltammograms, and the Epymo
values for HMCDs 4a and 4b were obtained by performing
calculations using the Eyomo values and the bandgap values,
which can be obtained from the onset of the absorption
spectra. The highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) energies of
aromatic ring-perfluorinated HMCD 4a were much lower than
those of non-fluorinated HMCD 4b because of the high electro-
negativity of the fluorine atom.

Density functional theory (DFT) calculations

DFT calculations in the gas phase were performed at the
B3LYP/6-31G(d,p) level with Gaussian 16 for HMCDs 4a and
4b performed to examine the electronic states of the HOMO
and LUMO levels and bandgaps, and the results are illustrated
in Fig. 8. Although a significant difference in the electron
distribution between the HOMO and LUMO in HMCDs 4a
and 4b is unlikely, the introduction of fluorine atoms into the
aromatic ring of the dye lowers the levels of the HOMO and
LUMO, especially the HOMO. Therefore, the bandgap of ring-
fluorinated HMCD 4a is wider than that of non-fluorinated
HMCD 4b. These results support that the 1., (778 nm) of ring-
fluorinated HMCD 4a is blue-shifted compared with that of
non-fluorinated HMCD 4b (785 nm).

Photostability

As presented in Fig. 9(a)-(c), the photostabilities of ring-
fluorinated HMCD 4a and non-fluorinated HMCD 4b in an
incubator at 25 °C under white-light-emitting diode (LED)
irradiation (8.5 W) are measured in CH,Cl, solutions (1.0 x
10~° M). The results for the condition when the HMCDs are left
in the dark without LED irradiation in CH,Cl, are depicted in
Fig. 9(d). CH,Cl, is used as the solvent because the lifetime of
singlet oxygen is longer in CH,Cl, than in other solvents, such
as alcohols, benzene, and alkanes. The residual rates of HMCD
2a and 2b are calculated from the changes at 1,5 in the UV-vis-
NIR absorption spectra.

After 6 days of light irradiation, the residual rates of HMCDs
4a and 4b in CH,Cl, are 92% and 78%, respectively (Fig. 9(c)).
The photostability of ring-fluorinated HMCD 4a is higher than
that of 2b. Non-fluorinated HMCD 4b in the CH,Cl, solution
kept in the dark does not degrade at all, and its residual rate is

Mater. Adv., 2024, 5,9792-9808 | 9797
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fluorinated HMCD 4a in various solvents (1 x 107 M).

Table 3 T4 and electrochemical properties of HMCDs 4a and 4b
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Dye Ta® (°C) Eq” (V vs. SCE) HOMO (eV) Jonset (Nm) HOMO-LUMO gap® (eV) LUMO / (eV)
4a 238.0 0.693 —5.09 875 1.42 —3.67
b 244.9 0.478 —4.88 883 1.41 —3.47

“ Decomposition temperatures (Ty;) were determined by conducting TG-DTA. ? Measured in MeCN containing the dyes (1 x 10~ M) and Bu,NCIO,
(0.1 M) and recalculated as Eoy (V vs. SCE). ¢ HOMO (eV) = — (Eqy (V vs. SCE) + 4.4). ¢ Measured in CH,Cl, (1 x 10~° M). ¢ HOMO-LUMO gap (eV) =

1240/ Jonsec™® (nm)./ LUMO (eV) = HOMO — (HOMO-LUMO gap).

99%. These results indicate that the introduction of a strong
electron-withdrawing fluorine atom into the indolenine portion
of HMCD stabilises the HOMO and the LUMO and reduces the
electron density of the double bond, thus improving the
photostability of the dye.**

Stimulus response to amines

Based on the interesting absorption properties of ring-
fluorinated HMCD 4a in various solvents, the stimulus respon-
siveness of ring-fluorinated HMCD 4a to other neutral nucleo-
philes such as triethylamine (TEA) in solutions was evaluated,
as shown in Fig. 10.

Various amounts (10, 20, 30, 40, 50, 100, 200, and 300 equiv.)
of TEA were added to a highly concentrated DCM solution (5 x
10~° M) of HMCDs 4a and 4b at room temperature, and UV-vis-
NIR spectra were recorded after the solution was prepared and
left at room temperature for 4 h, as presented in Fig. 10 and
Table 4.

The results of the UV-vis-NIR spectra and the photographs
obtained under white LED irradiation are shown in Fig. 10.

9798 | Mater. Adv,, 2024, 5, 9792-9808

Although the values (784-785 nm) of A, in the DCM solution
of non-fluorinated HMCD 4b in the presence of various
amounts of TEA are almost unchanged in the UV-vis-NIR
spectra, the A,ps of ring-fluorinated HMCD 4a shifts from
778-782 nm to 409-416 nm, and the colour of the DCM
solution of the HMCD 4a changes from green to yellow
(Fig. 10(c)). An excellent linear relationship between the absorp-
tion log (A400/A775) and the equiv. of TEA is observed, as shown
in Fig. 10(f). Based on this linearity, the limit of detection (LOD)
for 4a is determined as LOD = 3s/k, where s is the standard
deviation (Fig. 10(e)) obtained from five measurements, and & is
the slope of the line. The results indicate that the LOD of ring-
fluorinated HMCD 4a is 2.97 x 10 ° M.

'H, *C, and "°F nuclear magnetic resonance (NMR) spectra
of ring-fluorinated HMCD 4a in deuterochloroform (CDCl;)
without or with an excess amount of TEA were recorded to
assess the structural changes in ring-fluorinated HMCD 4a
in a DCM solution. The results of not only 'H, '°F, and '*C
NMR spectroscopy of ring-fluorinated HMCD 4a without or
with an excess amount of TEA but also high-resolution mass

© 2024 The Author(s). Published by the Royal Society of Chemistry
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spectrometry (HRMS) are shown in Fig. 11. Two types of vinyl
protons (H, and Hy) in "H NMR of 4a, four types of aromatic
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fluorine atoms in '°F NMR, and four types of alkyl carbons and
an imine carbon atom (173 ppm) (magenta-filled circles) in **C
NMR are observed,'”” because ring-fluorinated HMCD 4a has a
resonance structure, that is, a particular electronic structure
arising from a symmetric, positively charged, amino-terminated,
7-numbered polymethine chain.

Because of the collapse of the symmetric resonance struc-
ture caused by the addition of TEA to aromatic ring-fluorinated
HMCD 4a, four types of vinyl protons, H,, H,’, Hp, and Hy/,
appear in the '"H NMR spectra, similar to our previously
reported 'H NMR spectra of ring-fluorinated trimethine cya-
nine dye with n-hexylamine added to the C=N bond.'”? Eight
types of aromatic fluorine atoms in the "°F NMR spectra and
nine types of alkyl carbons (orange-filled circles) in the **C
NMR spectra are observed. The peak at 173.0 ppm corres-
ponding to the iminium carbon disappears and shifts to
156.9 ppm in the *C NMR spectra. These results suggest that
the addition of TEA to ring-fluorinated HMCD 4a proceeds
smoothly with CDCl; at room temperature to yield the corres-
ponding TEA adduct with a molecular weight of 728.3011, as
confirmed by performing HRMS with high-performance liquid
chromatography (Fig. 11(d)).

Finally, the reversible vapochromic responses of the filter
papers adsorbing ring-fluorinated HMCD 4a and non-
fluorinated HMCD 4b to amine vapour were investigated. The
filter papers adsorbing ring-fluorinated HMCD 4a and non-
fluorinated HMCD 4b were prepared by soaking white filter
papers in a DCM solution (5 x 10~* M) of HMCDs 4a and 4b
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5 W) in an incubator at 25 °C in CH,Cl, solutions (1 x 107 M).
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Fig. 10 UV-vis-NIR absorption spectra (a) and photographs (c) of ring-fluorinated HMCD 4a (5 x 10~° M) in the presence of various amounts of TEA in
DCM and UV-vis-NIR absorption spectra after the solution is left at room temperature for 4 h (b). Photographs (d) of HMCD 4b (5 x 107° M) in the
presence of various amounts of TEA in DCM. Standard deviation obtained from five measurements of the UV-vis-NIR spectra of HMCD 4a in the
presence of 300 equiv. of TEA in DCM (1 x 10~> M) after the solution is left at room temperature for 4 h (e). Linear relationship between the absorption
logarithm (Asps/A77s) of HMCD 4a (5 x 10~® M) with the amount of TEA in DCM (f).

Table 4 Absorption maximum of HMCDs 4a and 4b in the presence of
various amounts of TEA in DCM (5 x 107° M) after the solution was
prepared and left at room temperature for 4 h

Dye Equiv. of TEA Aaps” (nm)
4a 0 778
10 778, 416
20 778, 413
30 778, 412
40 778, 412
50 778, 412
100 778, 409
200 782, 409
300 409
4b 0 785
10 784
20 784
30 784
40 784
50 784
100 784
200 784
300 784

“ Measured in CH,Cl, (5 x 10° M).
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overnight and drying at room temperature overnight. The green
colour of the filter paper adsorbing non-fluorinated HMCD 4b
did not change in the presence of TEA vapour (Fig. 12(b)).
However, notably, when the blueish-green filter paper adsorb-
ing ring-fluorinated HMCD 4a was exposed to TEA or low-
nucleophilicity ammonia vapour, the green filter paper
responded within 1 s and showed a rapid and visible colour
change from blueish-green to pale yellow (Fig. 12(a)). Non-
fluorinated HMCD 4b adsorbed on weakly acidic silica gel
changed only slightly in response to NH; vapor,'® whereas
ring-fluorinated HMCD 4a adsorbed on the neutral filter paper
reacted quickly, even with low-nucleophilicity NH; vapour.

Exposure of ring-fluorinated HMCD 4a adsorbed on the
filter paper to the vapour of other primary amines, such as
ethylamine, n-propylamine, and n-butylamine, and secondary
amines, such as diethylamine, pyrrolidine, and piperidine,
instantly causes the same vapochromic-responsive behaviour,
along with a colour change from blue to green to pale yellow
(Fig. 13(a) and (b)). No response is observed when ring-
fluorinated HMCD 4a adsorbed on the filter paper is exposed
to an aromatic amine, such as aniline (Fig. 13(d)).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 *H NMR spectra (a), *°F NMR spectra (b), and **C NMR spectra (c) of ring-fluorinated HMCD 4a without or with an excess amount of TEA in CDCls

and HRMS results (d).

However, the colour of the filter paper adsorbing ring-
fluorinated HMCD 4a does not revert from pale yellow to
blueish-green when left in air. However, ring-fluorinated
HMCD 4a adsorbed on the filter paper is reversibly converted
to the original HMCD when exposed to HCl vapour, as shown in
Fig. 13(a)—(c). Fig. 14 presents the results of the repeatability
tests with NH; and HCI vapours on ring-fluorinated HMCD 4a
adsorbed on the filter paper. The filter paper adsorbing ring-
fluorinated HMCD 4a exhibits excellent repeatability in terms
of colour switching, which occurs 13 times.

The unique vapochromic-responsive phenomenon, along
with the colour change towards various primary and secondary
amines including ammonia, can be ascribed to the nucleophile

© 2024 The Author(s). Published by the Royal Society of Chemistry

addition into the iminium double bond of the aromatic ring-
fluorinated HMCD (4a) on the filter paper, similar to that in the
DCM or CDCI; solution.

Conclusions

The introduction of fluorine atoms into the aromatic ring of
HMCDs reduced the HOMO and LUMO levels of the HMCDs.
Consequently, various primary alcohols, despite being weakly
neutral nucleophiles, were added to ring-fluorinated HMCD 4a
in an alcohol solvent, and the colour of the solution changed
from green to yellow. This phenomenon was also observed

Mater. Adv,, 2024, 5, 9792-9808 | 9801
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Fig. 12 Photographs of ring-fluorinated HMCD 4a adsorbed on the filter paper with TEA vapour (a), HMCD 4b adsorbed on the filter paper with TEA
vapour (b), ring-fluorinated HMCD 4a adsorbed on the filter paper with NHz vapour (c), and HMCD 4b adsorbed on the filter paper with NHz vapour (d).
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Fig. 13 Vapochromic discolouration and colouration test of ring-fluorinated HMCD 4a adsorbed on the filter paper with various primary amines (a),
secondary amines (b), and aniline (c).

when TEA was added to a DCM solution of ring-fluorinated HMCD 4a was confirmed by performing 'H, **C, and *°F NMR
HMCD 4a. The addition of TEA to the iminium double bond of and HRMS on the solution. Based on the unique properties of

9802 | Mater. Adv,, 2024, 5, 9792-9808 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Vapochromic discolouration and colouration repeatability test of ring-fluorinated HMCD 4a adsorbed on the filter paper with

NHsz and HCl vapours.

ring-fluorinated HMCD 4a, for the first time, we developed an
HMCD adsorption filter paper, a near-infrared absorbent exhi-
biting reversible vapochromic response to weakly nucleophilic
ammonia. These results are the first examples of intermolecu-
lar addition of weakly neutral nucleophiles into HMCDs and
stimulus responsiveness not in solutions.

Experimental

Measurements

"H NMR spectra were recorded at 392 or 400 MHz in CDCl;,
hexadeuteroacetone ((CD3),CO), and hexadeuterodimethyl sulf-
oxide ((CD3),SO) solutions, with tetramethylsilane (Me,Si) as an
internal standard, using a JEOL ECS-400 or ECX-400P FT-NMR
spectrometer. 3C NMR spectra were obtained at 99 or 101 MHz
in CDCl;, (CD3),CO, and (CDj3),SO solutions, with Me,Si as an
internal standard, using the JEOL ECS-400 or ECX-400P FT-
NMR spectrometer. '’F NMR spectra were recorded at 369 or
376 MHz in CDCl;, (CD;),CO, and (CD;),SO solutions, with
CFCl; as an external standard, using the JEOL ECS-400 or ECX-
400P FT-NMR spectrometer. The data were reported as s =
singlet, d = doublet, t = triplet, q = quartet, quint = quintet, m =
multiplet, br s = broad singlet, coupling constant(s), and
integration. The melting points were determined using Yana-
gimoto MP-S3 micro-melting-point apparatus and were uncor-
rected. Electrospray ionisation mass spectroscopy in MeOH was
performed using a JEOL JMS-T100LP instrument (Accu TOF LC-
plus). UV-vis absorption spectra were recorded on Hitachi U-
4100 and PerkinElmer Lamda950 instruments. Fluorescence
spectra were recorded using a Jasco FP-8600 spectrofluorom-
eter. The absolute fluorescence quantum yields were obtained
using a HAMAMATSU Quantaurus-QY C11347-01 instrument.
The fluorescence lifetimes were measured using a HAMA-
MATSU Quantaurus-Tau compact fluorescence lifetime spectro-
meter (C11367-01). Cyclic voltammetry was performed by

© 2024 The Author(s). Published by the Royal Society of Chemistry

employing an automatic polarisation system (HSV-110). TG-
DTA was performed on an SII EXSTAR 6000 TG/DTA 6300
system under nitrogen after applying heat treatment at 100 °C
under vacuum for 12 h, and the measured values were uncor-
rected. The X-ray crystal structure was evaluated using a Rigaku
AFC 10 (CCD: Saturn 724 +) + VariMax Mo Optic system. 4,5,6,7-
Tetrafluoro-2,3,3-trimethyl-3H-indole (1),>' 1,2,3,3-tetramethyl-
3H-indol-1-ium tetrafluoroborate (2b),>* and (E)-2-chloro-3-
(hydroxymethylene)cyclohex-1-enecarbaldehyde (3)** were pre-
pared according to previously reported methods.

Synthesis

4,5,6,7-Tetrafluoro-1,2,3,3-tetramethyl-3 H-indol-1-ium tetra-
fluoroborate (2a). A super-dehydrated chloroform (7.0 mL)
solution of 4,5,6,7-tetrafluoro-2,3,3-trimethyl-3H-indol (0.324 g,
1.4 mmol) and trimethyloxonium tetrafluoroborate (0.419 g,
2.8 mmol) was stirred at 80 °C for 1 d. The reaction mixture was
quenched with diethyl ether (100 mL x 3). The precipitate was
purified via suction filtration to obtain 4,5,6,7-tetrafluoro-1,2,3,3-
tetramethyl-3H-indol-1-jum tetrafluoroborate (0.392 g, 84%).

Yield 84%; m.p. 151-155 °C; Ry 0.65 (hexane/dichloro-
methane = 2/1); IR (KBr) 1523 (C=N) cm ™ '; HRMS (ESI) found:
mfz 246.0892; caled for C,,H;,NF,: M-BF,, 246.0906; '"H NMR
(acetone-dg) 0 1.70 (s, 6H, CH; x 2), 2.82 (s, 3H, CHj), 4.13 (s,
3H, NCH,); *C NMR (acetone-dg) & 14.2 (s), 20.7 (s), 38.7 (s),
57.2 (s), 125.6 (d, ] = 18.7 Hz), 127.2 (s), 138.7 (dm, J = 256.9 Hz),
142.1 (dm, J = 255.4 Hz), 143.8 (dd, J = 250.2, 12.5 Hz), 200.6 (s);
"“F NMR (acetone-dg) § —155.7 (dd, J = 19.2, 3.0 Hz, 1F), —155.5
(td, J = 19.2, 3.0 Hz, 1F), —152.3 (tm, J = 18.1 Hz, 1F), —151.9 (s,
4F), —147.1 (tm, J = 18.1 Hz, 1F).

2-((E)-2-((E)-2-Chloro-3-(2-((E)-4,5,6,7-tetrafluoro-1,3,3-trimethyl-
indolin-2-ylidene)ethylidene)cyclohex-1-en-1-yl)vinyl)-4,5,6,7-tetrafl-
uoro-1,3,3-trimethyl-3H-indol-1-ium tetrafluoroborate (4a). A DMF
(1.5 mL) solution of 4,5,6,7-tetrafluoro-1,2,3,3-tetramethyl-3H-indol-
1-ium tetrafluoroborate (0.094 g, 0.3 mmol) and (E)-2-chloro-3-

Mater. Adv,, 2024, 5,9792-9808 | 9803
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(hydroxymethylene)cyclohex-1-enecarbaldehyde (0.025 g, 0.15 mmol)
was stirred at 23 °C for 18 h. The reaction mixture was cooled to
room temperature, quenched with ice water (150 mL), filtered to
remove the liquid, and concentrated under vacuum. The precipitate
was purified by employing silica gel chromatography (dichloro-
methane/methanol = 20/1) to obtain 2-((E)-2-((E)-2-chloro-3-(2-((E)-
4,5,6,7-tetrafluoro-1,3,3-trimethylindolin-2-ylidene)ethylidene)cyclo-
hex-1-en-1-ylJvinyl)-4,5,6,7-tetrafluoro-1,3,3-trimethyl-3H-indol-1-
ium tetrafluoroborate 4a (0.089 g, 84%).

Yield 84%; Ty 238.0 °C; Ry 0.43 (dichloromethane : methanol =
20:1); IR (KBr) 1558 (C=N) cm '; HRMS (ESI) found: m/z
627.1813; caled for Cs;H,sClFgN,: M-BF,, 627.1808; 'H NMR
(cDCl) 6 1.82 (s, 12H, CH; x 4), 1.89-1.92 (m, 2H,
-CH,CH,CH,-), 2.67 (t, J = 6.00 Hz, 4H, ~CH,CH,CH,-), 3.79
(s, 6H, NCH; x 2), 6.16 (d, J = 14.2 Hz, 2H, vinyl H), 8.30 (d, J =
14.2 Hz, 2H, vinyl H); *C NMR (CDCl;) § 20.6 (s), 26.4 (s, 2C), 34.6
(d,J = 9.3 Hz), 50.8 (s), 102.6 (s), 122.6 (d, J = 15.9 Hz), 126.6 (s),
130.4 (s), 135.4 (dd, J = 249.4, 13.2 Hz), 138.0 (dt, J = 252.3,
14.9 Hz), 141.7 (dt, J = 252.3, 14.9 Hz), 143.3 (dd, J = 2494,
13.2 Hz), 144.9 (s), 152.0 (s), 173.0 (s); '°F NMR (CDCl3) § —159.5
(t,J = 19.9 Hz, 2F), —157.5 (dd, J = 19.9, 14.2 Hz, 2F), —153.4 (tm,
J =19.9 Hz, 2F), —153.2 (s, 4F), —146.5 (dd, J = 19.9, 14.2 Hz, 2F).

2-((E)-2-((E)-2-Chloro-3-(2-((E)-1,3,3-trimethylindolin-2-ylidene)-
ethylidene)cyclohex-1-en-1-yl)vinyl)-1,3,3-trimethyl-3 H-indol-1-ium
tetrafluoroborate (4b). A DMF (3.0 mL) solution of 1,2,3,3-
tetramethyl-3H-indol-1-ium tetrafluoroborate (0.2658 g, 1.0 mmol)
and (E)-2-chloro-3-(hydroxymethylene)cyclohex-1-enecarbaldehyde
(0.088 g, 0.5 mmol) was stirred at 120 °C for 3 h. The reaction
mixture was cooled to room temperature, quenched with ice water
(150 mL), filtered to remove the liquid, and concentrated under
vacuum. The precipitate was purified by performing silica gel
chromatography (dichloromethane/methanol = 20/1) to obtain
2-((E)-2-((£)-2-chloro-3-(2-((E)-1,3,3-trimethylindolin-2-ylidene)ethyli-
dene)cyclohex-1-en-1-yl)vinyl}-1,3,3-trimethyl-3H-indol-1-ium  tetra-
fluoroborate (0.2226 g, 76%).

Yield 76%; Ty, 244.9 °C; Ry 0.43 (dichloromethane : methanol =
20:1); IR (KBr) 1551 (C=N) cm™'; HRMS (ESI) found: m/z
483.2547; caled for C3,H36CIN,: M-BF,, 483.2562; "H NMR (acet-
one-dg) 8 1.77 (s, 12H, CH; x 4), 1.91-1.97 (m, 2H, -CH,CH,CH,-),
2.77 (t,J = 6.20 Hz, 4H, -CH,CH,CH,-), 3.79 (s, 6H, NCH; x 2), 6.41
(d, J = 14.2 Hz, 2H, vinyl H), 7.32 (td, J = 7.3, 1.4 Hz, 2H, aryl H),
7.41-7.49 (m, 4H, aryl H), 7.62 (d, J = 7.3 Hz, 2H, aryl H), 8.44 (d, ] =
14.20 Hz, 2H, vinyl H); *C NMR (acetone-ds) § 21.6 (s), 26.9 (s),
28.0 (s), 32.0 (s), 50.1 (s), 102.5 (s), 112.0 (s), 123.2 (s), 126.2 (s),
127.4 (s), 129.6 (s), 142.2 (s), 144.1 (s), 144.7 (s), 150.0 (s), 174.3 (s);
"°F NMR (acetone-ds) 5 —151.7 (s, 4F).

(E)-2-Chloro-3-(2-((E)-1,3,3-trimethylindolin-2-ylidene)ethyli-
dene)cyclohex-1-ene-1-carbaldehyde (5b):>” Ry 0.21 (hexane:
dichloromethane = 1:2); IR (KBr) 1643 (C=0) cm ™ '; 'H NMR
(chloroform-d) ¢ 1.66 (s, 6H, CH; x2), 1.74-1.81 (m, 2H,
-CH,CH,CH,-), 2.48 (t, J = 5.84 Hz, 2H, -CH,CH,CH,-), 2.58
(tm, J = 5.84 Hz, 2H, -CH,CH,CH,-), 3.23 (s, 3H, -NCH,), 5.46
(d,/=12.8 Hz, 1H, vinyl H), 6.72 (d,J = 7.79 Hz, 1H, aryl H), 6.94
(tm, J=7.79 Hz, 1H, aryl H), 7.19-7.24 (m, 2H, aryl H) 7.82 (d, J =
12.8 Hz, 1H, vinyl H), 10.3 (s, 1H, CHO); *C NMR (chloroform-d)
8 21.0 (s), 24.7 (s), 26.8 (s), 28.4 (s), 29.5 (s), 46.5 (s), 93.0 (s),
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106.8 (s), 121.0 (s), 121.8 (s), 123.4 (s), 128.0 (s), 128.7 (s),
131.2 (s), 139.3 (s), 144.5 (s), 148.8 (s), 163.0 (s), 191.1 (s).

Preparation of the dye-adsorbed filter paper

The filter paper was dipped in a DCM solution (5 x 10~* M) of
the 4a and 4b dyes and allowed to stand in a refrigerator
overnight to allow each dye to be adsorbed on the filter paper.
After being removed and air-dried, the filter paper samples
were exposed to the vapours of various amines.
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